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CONTROL CIRCUIT FOR LOW DROPOUT
REGULATOR

BACKGROUND OF THE INVENTION

The present invention relates to a control circuit for
providing low dropout voltage regulation in a series
voltage regulator circuit. More particularly, the present
invention relates to a three terminal control circuit for
driving a discrete PNP transistor or p-channel FET to
provide a low dropout positive series voltage regulator
circuit.

A series voltage regulator circuit requires a minimum
voltage differential between the supply voltage and the
regulated output voltage in order to provide proper
regulation. This minimum voltage differential is known
as the dropout voltage of the regulator circuit. A volt-
age regulator circuit having a low dropout voltage has
many useful applications.

Three terminal integrated circuit (IC) control devices
for PNP regulators are usually designed with the inten-
tion that the base drive terminal be connected directly
to the base of the discrete PNP transistor. This maxi-
mizes the voltage available for powering circuitry in the
device which must use the base drive terminal as a
power supply. Accordingly, the circuits generally are
not designed to pull the voltage of the base drive termi-
nal more than one volt below the regulator input volt-
age.

In some regulator applications, it may be desirable to
use an FET as the pass transistor. However, such appli-
cations may require that the gate voltage of the FET be
pulied down close to ground (e.g. to create a gate-
source voltage differential of several volts). Conven-
tional regulator control circuits are not designed to
operate in this manner, as discussed above.

With a three terminal IC control circuit design (for a
PNP regulator), the output current and input voltage of
the regulator cannot be sensed for purposes of current
limiting. This is because either type of sensing would
require additional terminals. Thus, the current limit
point of the IC’s internal base drive current limit cir-
cuitry must be set based on the anticipated current gain
of the discrete transistor, and the anticipated regulator
output current, to avoid regulator operating conditions
exceeding the current and power handling limits of the
discrete PNP transistor.

However, protection becomes unpredictable if the
user chooses a discrete PNP transistor having different
current gain and power handling characteristics than
those anticipated by the manufacturer. For example, the
user may select a PNP transistor that cannot be safely
operated at the maximum base drive current allowed by
the internal current limit circuitry of the control circuit.

A similar problem arises with respect to frequency
compensation. An IC regulator control circuit may be
used in various application circuits having output ca-
pacitors of widely different capacitance and effective
series resistance (ESR) values. However, the frequency
compensation circuitry of conventional IC regulator
control circuits generally provides stability only for a
limited range of output capacitors.

Accordingly, it would be desirable to be able to pro-
vide a three terminal voltage regulator control circuit
which could be used in a low dropout regulator circuit
design in which current limiting could be adjusted for
different PNP pass transistors and different applica-
tions. It would further be desirable if the control circuit
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could tolerate a wide range of output capacitors, and if
the control circuit could provide several volts of gate-
source drive voltage for an FET pass transistor in a low
voltage circuit.

SUMMARY OF THE INVENTION

It is therefore an object of this invention to provide a
three terminal control circuit for driving a PNP pass
transistor in a regulator circuit having ‘a low dropout
voltage and controllable current limiting.

It is another object of this invention to provide a
frequency compensation circuit that can be incorpo-
rated in a regulator control circuit to provide stability in
conjunction with different sized regulator circuit output
capacitors.

It is yet another object of this invention to provide a
three terminal regulator control circuit that can drive a
p-channel FET pass transistor in a circuit where the
source voltage is limited to a low input voltage.

These and other objects are accomplished by a con-
trol circuit that can be implemented in an integrated
circuit package having three terminals: a base drive
terminal, a feedback terminal and a ground terminal.
The control circuit is designed to saturate at a base
drive terminal voltage of less than three volts, prefera-
bly going as low as 1.1 volts under some low current
conditions, such that a resistor can be inserted between
the base drive terminal and the PNP transistor base to
limit regulator output current and to limit power dissi-
pation in the control circuit, and such that a p-channel
FET can be used as the pass transistor.

The control circuit also includes a frequency com-
pensation circuit that can be implemented without a
large value internal capacitor, and that provides stabil-
ity in regulator circuits having different output capaci-
tors.

BRIEF DESCRIPTION OF THE DRAWING

The above and other objects and advantages of the
present invention will be apparent upon consideration
of the following detailed description, taken in conjunc-
tion with the accompanying drawings, in which like
reference characters are provided to like characters
throughout, and in which:

FIG. 1 shows a schematic diagram of an application
circuit for a control circuit designed in accordance with
the principles of the present invention;

FIG. 2 shows a simplified block diagram of an em-
bodiment of the control circuit of the present invention;
and

FIG. 3 shows a schematic diagram of a preferred
circuit embodiment of the control circuit of the present
invention.

DETAILED DESCRIPTION OF THE
INVENTION

FIG. 1 illustrates an exemplary application circuit
100 for a voltage regulator control circuit of the type
contemplated for the present invention. Application
circuit 100 is configured as a positive series voltage
regulator circuit. When an unregulated positive input
voltage Vnis applied to voltage input node 102 (posi-
tive with respect to the voltage at ground node 106),
voltage regulator circuit 100 provides a regulated posi-
tive output voltage Vopr(also positive with respect to
the voitage at ground node 106 to a load connected to
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voltage output node 104. In FIG. 1, a simple resistive
load R is represented by resistor 108.

Control circuit 110, which is preferably a monolithic
integrated circuit device, has three terminals labeled as
DRIVE (base drive), FB (feedback) and GND
(ground). In FIG. 1, control circuit 110 together with a
discrete PNP transistor 120, a current limiting resistor
130, a pull-up resistor 140 and an output capacitor 160,
form voltage regulator circuit 100. Control circuit 110
regulates the output voltage Voyrwhich it senses at its
feedback terminal FB, by controlling the base current
of PNP transistor 120 to maintain the voltage at termi-
nal FB of the control circuit at a predetermined voltage.
With the exception of current limiting resistor 130, the
configuration of voltage regulator circuit 100 is conven-
tional.

Current limiting resistor 130, which is optional. pro-
vides a controlled limit on the base drive current of
PNP transistor 120 that can be adjusted for different
input voltages and different PNP transistors. The value
of resistor 130 can be selected to provide a desired
current limit value for a given input voltage. For exam-
ple, assume that output voltage Voyr suddenly falls
below the value at which it is being regulated by regula-
tor circuit 100 due to an overload condition. Control
circuit 11 will attempt to turn PNP transistor 120 on
hard by sinking a large base drive current Ipg at its
DRIVE terminal. This current will generate a voltage
across resistor 130. As the base drive current increases,
a point will be reached at which the voltage across
resistor 130 drives control circuit 110 into saturation.
The base drive current will be limited by the saturation
of the control circuit.

Assuming the saturation voltage of control circuit
110 and the forward base-emitter voltage drop of PNP
transistor 120 sum to approximately 2.0 volts, a value of
current limiting resistor 130 can easily be chosen to
provide a desired base drive current Ipg by the follow-
ing formula Rp.=(Vapin—2.0 V)Ipr, where Vagn is
the minimum expected input voltage.

Conventional regulator control circuits are designed
with the intention that the DRIVE terminal operate at
a voltage within approximately one volt of the regula-
tor input voltage. Such designs generally do not permit
a current limiting resistor, other than perhaps a very
small value resistor, to be used as shown in FIG. 1
without substantially increasing the dropout voltage of
the regulator.

Applicants have conceived of a design for the cir-
cuitry of control circuit 110 that permits the DRIVE
terminal to saturate at voltages as low as approximately
1.1 volts above ground. This allows a wide range of
current limiting resistors (e.g. 20-110 ohms) to be in-
serted between the DRIVE terminal and the base of the
PNP transistor while maintaining a low dropout volt-
age. Although applicants prefer such a low saturation
voltage, applicants believe that effective current limit-
ing (i.e. current limiting that avoids catastrophic PNP
transistor damage under high input voltage and short
circuit output conditions) can be achieved with some-
what higher saturation voltages. For example, appli-
cants contemplate that current limiting in accordance
with the principles of the present invention could be
accomplished in a 5 volt regulator with a control circuit
having a saturation voltage as high as 3 volts.

In another aspect, the present invention features a
frequency compensation circuit that can be imple-
mented in the control circuit to provide stability when
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the control circuit is used with different output capaci-
tors. This is accomplished by providing a combination
feedback and feedforward scheme involving a pair of
small-valued capacitors that cause the regulator loop
gain to roll off to a point well below 0 dB before flatten-
ing out at higher frequencies. The circuit thus allows
sufficient phase and gain margin to tolerate a wide
range of output capacitors.

FIG. 2 illustrates, in block diagram form, an exem-
plary control circuit architecture suitable for incorpo-
rating the present invention in control circuit 110. Con-
trol circuit 110 includes an error amplifier circuit 200
having an inverting input connected to the feedback
terminal FB, and a non-inverting input connected to a
voltage reference circuit 210. Error amplifier circuit
200 compares the voltage of terminal FB with a fixed
voltage generated by reference circuit 210, and pro-
vides an error signal to driver circuit 220. This error
signal controls driver circuit 220, which, responsive to
the error signal, conducts base drive current between
the DRIVE and GND terminals of control circuit 110.
Control circuit 110 also includes an internal base drive
current limit circuit 230 that limits the current con-
ducted by driver circuit 220 to a predetermined value,
and that turns off driver circuit 220 if the operating
temperature of control circuit 110 exceeds a threshold
temperature.

FIG. 3 illustrates a preferred circuit embodiment for
implementing the control circuit 110 of the present
invention in an integrated circuit device having the
general architecture of FIG. 2. This particular embodi-
ment is designed to provide a regulated output voltage
of approximately 5 volts. The circuit generally com-
prises three sections: a start-up section, a bias section,
and a contro} section.

The purpose of the start-up section is to start control
circuit 110 working when a voltage differential first
appears across the DRIVE and GND terminals. The
start-up section includes transistors Q1, Q2, Q3 and
Q4A on the left hand side of FIG. 3. Transistor Ql is a
JFET produced by epitaxial growth and serves the
purpose of providing current to diode-connected tran-
sistor Q2 when a voltage differential appears across the
DRIVE and GND terminals. Transistor Q2 is fabri-
cated to have a high turn-on voltage (Vpg approxi-
mately 850 mV at 25 degrees Celsius). With a small
current flowing through transistor Q2, transistor Q3
then turns on and subsequently sends current through
resistors R2 and R3 while simultaneously drawing cur-
rent from the common base node of transistors Q4A-G.
This causes transistors Q4A-F, all of which have their
base-emitter circuits connected in parallel, to turn on.
The turning on of transistor Q4E causes additional cur-
rent flow through resistors R2 and R3. This additional
current increases the voltage at the emitter of transistor
Q3 (i.e., across resistors R2 and R3) so as to eventually
reverse bias the base-emitter junction of Q3 and there-
fore shut off the start-up circuit from the rest of the
circuit after the Q4A~F transistors have been turned on.
Once contro} circuit 110 is operating, the components in
the start-up section are of no consequence.

Moving further to the right of FIG. 3, transistors Q5,
Q6 and Q7 form the bias section. These transistors bias
the PNP transistor string Q4A-G to provide substan-
tially constant current from all the PNP collectors even
with changing output/drive voltage. This substantially
constant current is also used to generate a substantially
constant reference voltage across resistors R2 and R3.
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The bias section can operate down to approximately
one volt. Transistors Q5 and Q6, which are connected
in a current mirror configuration, have unequal emitter
areas in a ratio 10:1, causing a d(Vzg) voltage of ap-
proximately 60 mV to appear across resistor R1 when
transistors Q5 and Q6 conduct equal currents. This
voltage, which sets the current in the bias transistors
Q4B-F, has a positive temperature coefficient. Transis-
tor Q7 is connected to provide a feedback loop. This
feedback loop ensures a substantially constant current
with changing voltage at the DRIVE terminal, Capaci-
tor C1 is provided as frequency compensation for the
feedback loop.

The control section of control circuit 110 is of a band-
gap-reference type and comprises a combined reference
voltage generator and error amplifier circuit (corre-
sponding to blocks 200 and 210 of FIG. 2) which drives
a current gain stage (corresponding to driver circuit
block 220 of FIG. 2). More particularly, transistors
Q15-20 on the right hand side of FIG. 3 form the active
components of the bandgap circuit. The output of this
bandgap-type circuit drives current gain stage transis-
tors Q12, Q9 and Q10, which in turn drive the base
drive point (the DRIVE terminal) of the control circuit.

The bandgap circuit of FIG. 3 is powered by current
drawn from the feedback terminal (FB) of control cir-
cuit 110. As is well-known, and will therefore only be
briefly discussed here, a bandgap circuit works by bal-
ancing positive and negative temperature coefficients to
provide a temperature-stable reference voltage. In the
circuit of FIG. 3, when voltage is applied to the FB
terminal, current flows through the transistor/resistor
string R9, Q19 (diode-connected), Q18 (and its associ-
ated bias resistor R10 and R11), Q17 (diode-connected),
R13, Q16 and R15. By virtue of the current mirror
configuration of transistors Q19 and Q20, an equal cur-
rent also flows through resistor R8 and transistor Q20.
The currents through transistors Q19 and Q20, and
hence the voltages across resistors R9, R13 and R16,
have positive temperature coefficients, which are offset
by the negative temperature coefficients of the base-
emitter voltages of transistors Q16-Q19.

Transistors Q15 and Q20 act as an error amplifier, the
output of which is an error signal appearing at the col-
lector of transistor Q15. The voltage at this node is
clamped by transistor Q13 for current limit protection,
as discussed below.

As the voltage at the feedback terminal rises, the
currents flowing through the transistor/resistor string
R9, Q19, Q18, Q17, R13, Q16, R16, and through resistor
R8 and transistor Q20, increase in equal amounts. How-
ever, as current increases the d(Vpg) voltage generated
across resistor R16 causes the current ratio between
transistors Q16 and Q15 to decrease, such that the col-
lector voltage of transistor Q15, which is initially high,
begins to decrease. When the voltage drop across resis-
tor R16 reaches approximately 60 mV, the current ratio
between transistors Q15 and Q16 becomes approxi-
mately 1:1. Control circuit 110 is designed to regulate at
this point, which equates to a voltage of 5 volts on the
feedback terminal.

The voltage at the collector of transistor Q15 drives
the current gain stage formed by transistors Q12, Q9
and Q10 and bias resistors R4, R5 and R6. Transistor
Q12, which receives operating current from transistors
Q14 and Q4F, acts as an emitter-follower buffer. When
the voltage at the feedback terminal is less than 5 volts,
the collector voltage of transistor Q15 holds the base
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and emitter voltages of transistor Q12 high, which in
turn causes output drive transistors Q9 and Q10 to sink
current from the DRIVE terminal. When thus driven,
output drive transistors Q9 and Q10 are capable of pull-
ing the voltage at the DRIVE terminal down to less
than 1.5 volts at a drive current level of 10 mA. This
saturation voltage rises to approximately 2.0 volts at a
drive current of 150 mA. Thus, an external current
limiting resistor can be inserted between the DRIVE
terminal of control circuit 110 and the base of the dis-
crete PNP transistor to limit base drive current without
increasing the dropout voltage of the regulator circuit.
The value of this resistor can be selected as previously
discussed.

For example, assuming the base-emitter voltage of
the discrete PNP transistor to be 0.9 V and the regulator
input voltage to be just above 5 volts (thus taking into
account the voltage drop required across the emitter-
collector of the PNP transistor), a 20 ohm resistor can
be used to force the control circuit into saturation at a
base drive current of 150 mA. For higher input volt-
ages, the same current limit value can be achieved with
a greater resistance value.

If the voltage at the feedback terminal rises above 5.0
volts, the voltage at the collector of tramsistor Q15
swings downward, thus reducing the drive signal pro-
vided to transistors Q9 and Q10 and causing the control
circuit to sink less base drive current from the DRIVE
terminal. Control circuit 110 can be modified easily to
regulate at voltages other than 5 volts. Applicants con-
template that the circuit architecture of FIG. 3 can be
used to regulate positive voltages in the range from
about 15 volts down to about 2.5 volts with only minor
changes to the basic architecture of the circuit. This
range of regulation is achieved by tailoring the I/V
characteristics of transistors Q17 and Q18 and resistors
R10, R11 and R13. These elements can be viewed col-
lectively as comprising an adjustable regulation impe-
dance component 300 (as shown in FIG. 3) which
serves the purpose of setting the desired regulation
voltage. To lower the regulation voltage, for example,
one or both of transistors Q17 and Q18 can be removed,
bias resistors R10 and R11 (which increase the voltage
drop across transistor Q18) can be removed or changed,
and/or the resistance value of resistor R13 can be low-
ered.

Regulation impedance component 300 can be simply
a resistor or a combination of resistors, transistors and
diodes or the like, chosen so that the voltage drop
across it produces the proper desired regulation volt-
age. However, it should be borne in mind that, when
selecting the particular elements which make up regula-
tion impedance component 300, the temperature drift of
the circuit may be affected. The selection of the combi-
nation of components should be such that the desired
temperature drift of the control circuitry (typically
zero) is obtained at the desired regulation voltage.

It should also be noted that, for lower regulation
voltages (e.g. 2.85 volts), a start-up problem may be
encountered due to the base voltage of Q12 being held
low by the parasitic collector-base diode of transistor
Q20, which can be pulled low through the resistor/tran-
sistor string including transistor Q19. To avoid this
problem, circuitry powered from the DRIVE terminal
can be incorporated to provide current to the base and
emitter of transistor Q12 at start-up, thereby allowing
transistors Q9 and Q10 to be turned on.
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Control circuit 110 further includes a frequency com-
pensation circuit which provides stable operation for a
wide range of output capacitors (e.g., capacitors equal
to or greater than 10 microfarads). The frequency com-
pensation circuit comprises a pair of small value capaci-
tors C2 and C3 whose values are selected to provide a
roll-off of gain to well below 0dB (e.g., to 6db below
unity), which roll-off then flattens out at higher fre-
quencies. This allows the circuit to accommodate vari-
ous amounts of output capacitance and ESR values.
Capacitor C2 provides a —6dB/octave rolloff in the
gain of the amplifier output at the collector of transistor
QIS5. Resistor R15 combines with capacitor C2 to set
the pole frequency of capacitor C2 (resistor R14 is
added to balance the base current of transistor Q16 to
compensate for the presence of resistor R15), and ca-
pacitor C3 provides a zero. This zero cancels the pole
generated by capacitor C2 at a frequency which allows
the regulator loop gain to fall well below unity. This
provides phase margin to allow for a wide range of
output capacitors. The zero frequency is determined by
the capacitance of capacitor C3, the impedance of com-
ponent 300, and the resistances of resistors R15 and
R16. Appropriate values for capacitors C2 and C3 can
be determined empirically. Resistor R12 has been added
to provide ESD protection for capacitor C3.

A few other aspects of control circuit 110 are notable.
Referring again to transistor Q4F, this transistor assists
in start-up of the control circuit. At start-up, transistor

20

25

Q14 does not provide current (assuming the voltage of 30

feedback terminal FB to be low). Transistor Q4F,
which is powered by the DRIVE terminal, is therefore
provided to supply current to the base of output drive
transistor Q10 so as to begin to drive the external PNP
pass transistor. Transistor Q14 could be eliminated from
the circuit. However, it provides an additional current
limit foldback feature. If the output of the regulator
shorts to ground, transistor Q14 will be turned off. Dur-
ing normal operation, this transistor provides approxi-
mately three-fourths (75 microamps) of the operating
current for transistors Q10 and Q12. Thus, the output
short causes the available drive current for transistor
Q10 to be decreased dramatically, thus effectively fold-
ing back the internal current limit of the control circuit.

Transistor Q4G serves the purpose of a clamp and
keeps transistor Q4F from saturating, which would
disturb the bias levels in the other PNP transistors in the
bias string. Resistor R6 is added to the output drive
stage to prevent high frequency oscillations. Transistor
Q13 provides an internal current limit, which works as
follows. The base-emitter junction of transistor Q13 is
normally reverse-biased for small currents in transistors
Q9 and Q10 because the voltage across resistors R2 and
R3 is higher than the voltage at the base of transistor
Q12 which is connected to the emitter of transistor Q13.
However, for larger currents the base-emitter junction
of transistor Q13 becomes forward biased and thus turns
transistor Q13 on causing current which would nor-
mally force the base of transistor Q12 high to be sent to
ground through the collector of transistor Q13, thus
producing clamping action. The internal current limit
value is set by the value of resistor R4. In the embodi-
ment of FIG. 3, the internal current limit circuitry limits
the current at the DRIVE terminal to approximately
170 mA.

Thermal protection is provided by transistor Q8,
which draws current away from the base of transistor
Q10 if a threshold temperature is exceeded. The volt-
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8
age at the base of transistor QB has a positive tempera-
ture coefficient. The base-emitter junction of transistor
Q8 has a negative temperature coefficient. Transistor
Q8 turns on at a temperature of approximately 165 de-
grees Celsius.

Thus, a novel control circuit for a voltage regulator is
provided. Persons skilled in the art will appreciate that
the present invention can be practiced by other than the
described embodiments, and that in actual circuits vari-
ous additional components and alternative interconnec-
tions not shown in the figures may be used. The de-
scribed embodiments are presented for the purposes of
illustration and not of limitation, and the present inven-
tion is limited only by the claims which follow.

What is claimed is: )

1. An integrated circuit for controlling a discrete
series-pass voltage regulator transistor coupled between
an input voltage source and a load, the integrated cir-
cuit comprising:

a first terminal adapted for (1) receiving an operating

voltage for the integrated circuit, and (2) providing
a drive signal for controlling the voltage drop
across the discrete transistor to cause the transistor
to regulate the voltage at the load to provide a
regulated voltage;

a second terminal adapted for monitoring the voltage

at the load;

a ground terminal; and

a control means coupled to said terminals and opera-

ble for generating the drive signal responsive to the
monitored voltage to maintain the load substan-
tially at the regulated voltage when the drive ter-
minal operating voltage is less than the voltage at
the load. .

2. The circuit of claim 1, wherein the control means
is operable for generating the drive signal responsive to
the monitored voltage to maintain the load substantially
at the regulated voltage when the drive terminal operat-
ing voltage is less than 2.0 volts above the voltage of the
ground terminal.

3. The circuit of claim 2, wherein the control means
is operable for generating the drive signal responsive to
the monitored voltage to maintain the load substantially
at the regulated voltage when the drive terminal operat-
ing voltage is less than 1.5 volts above the voltage of
the ground terminal.

4. The circuit of claim 3, wherein the control means
is operable for generating the drive signal responsive to
the monitored voltage to maintain the load substantially
at the regulated voltage when the drive terminal operat-
ing voltage is less than 3.0 volts above the voltage of the
ground terminal.

§. The circuit of claim 4 wherein the circuit includes:

bias circuit means for generating substantially con-

stant bias currents for the circuit, wherein the bias
circuit means is powered by the operating voltage
and regulates the bias currents over a range of
operating voltages.

6. The circuit of claim 5, wherein the circuit includes:

means for generating an error signal indicative of a

difference between the voltage at the load and the
regulated voltage, the error signal generating
means being powered by the load voltage; and
current gain means for generating the drive signal
responsive to the generated error signal.

7. The circuit of claim 6, wherein the circuit includes:

start-up means for drawing current from the drive

terminal to turn on the bias means, wherein the
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start-up means is powered by the operating volt-
age.

8. The circuit of claim 6, wherein the error signal
generating means comprises an error amplifier circuit
and the current gain means comprises two cascaded
emitter follower NPN transistors, wherein the emitter
of one of the NPN transistors drives the base of the
other NPN transistor.

9. The circuit of claim 4, wherein the circuit includes
a current limit means for limiting the series-pass voltage
regulator transistor output current delivered to the
load, said current limit means limiting the current
through the drive terminal to a first amount so as to
limit the series-pass voltage regulator transistor output
current to a second amount.

10. The circuit of claim 9, wherein the current limit
means monitors drive terminal current so as to limit the
drive terminal current when it reaches the first amount.

11. The circuit of claim 3 wherein the circuit in-
cludes:

bias circuit means for generating substantially con-

stant bias currents for the circuit, wherein the bias
circuit means is powered by the operating voltage
and regulates the bias currents over a range of
operating voltages.

12. The circuit of claim 11, wherein the circuit in-
cludes:

means for generating an error signal indicative of a

difference between the voltage at the load and the
regulated voltage, the error signal generating
means being powered by the load voltage; and
current gain means for generating the drive signal
responsive to the generated error signal.

13. The circuit of claim 12 wherein the circnit in-
cludes:

start-up means for drawing current from the drive

terminal to turn on the bias means, wherein the
start-up means is powered by the operating volt-
age.

14. The circuit of claim 12, wherein the error signal
generating means comprises an error amplifier circuit
and the current gain means comprises two cascaded
emitter follower NPN transistors, wherein the emitter
of one of the NPN transistors drives the base of the
other NPN transistor.

15. The circuit of claim 3, wherein the circuit in-
cludes a current limit means for limiting the series-pass
voltage regulator transistor output current delivered to
the load, said current limit means limiting the current
through the drive terminal to a first amount so as to
limit the series-pass voltage regulator transistor output
current to a second amount.

16. The circuit of claim 15, wherein the current limit
means monitors drive terminal current so as to limit the
drive terminal current when it reaches the first amount.

17. The circuit of claim 3 wherein the regulated volt-
age is approximately 2.7 to 3.0 volts and the discrete
series-pass voltage regulator transistor is a PNP bipolar
transistor.

18. The circuit of claim 3 wherein the regulated volt-
age is approximately 4.9 to 5.1 volts and the discrete
series-pass voltage regulator transistor is a PNP bipolar
transistor.

19. The circuit of claim 2 wherein the circuit in-
cludes:

bias circuit means for generating substantially con-

stant bias currents for the circuit, wherein the bias
circuit means is powered by the operating voltage
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and regulates the bias currents over a range of
operating voltages.

20. The circuit of claim 19, wherein the circuit in-
cludes:

means for generating an error signal indicative of a

difference between the voltage at the load and the
regulated voltage, the error signal generating
means being powered by the load voltage; and
current gain means for generating the drive signal
responsive to the generated error signal.

21. The circuit of claim 20, wherein the circuit in-
cludes:

start-up means for drawing current from the drive

terminal .to turn on the bias means, wherein the
start-up means is powered by the operating volt-
age.

22. The circuit of claim 20, wherein the error signal
generating means comprises an error amplifier circuit
and the current gain means comprises two cascaded
emitter follower NPN transistors, wherein the emitter
of one of the NPN transistors drives the base of the
other NPN transistor.

23. The circuit of claim 2, wherein the circuit in-
cludes a current limit means for limiting the series-pass
voltage regulator transistor output current delivered to
the load, said current limit means limiting drive terminal
current to a first amount so as to limit the series-pass
voltage regulator transistor output current to a second
amount.

24. The circuit of claim 23, wherein the current limit
means monitors drive terminal current so as to limit the
drive terminal current when it reaches the first amount.

25. The circuit of claim 2 wherein the regulated volt-
age is approximately 4.9 to 5.1 volts and the discrete
series-pass voltage regulator transistor is a PNP bipolar
transistor.

26. The circuit of claim 2 wherein the regulated volt-
age is approximately 2.7 to 3.0 volts and the discrete
series-pass voltage regulator transistor is a PNP bipolar
transistor.

27. The circuit of claim 1 wherein the circuit in-
cludes:

bias circuit means for generating substantially con-

stant bias currents for the circuit, wherein the bias
circuit means is powered by the operating voltage
and regulates the bias currents over a range of
operating voltages.

28. The circuit of claim 27, wherein the circuit in-
cludes:

means for generating an error signal indicative of a

difference between the voltage at the load and the
regulated voltage, the error signal generating
means being powered by the load voltage; and
current gain means for generating the drive signal
responsive to the generated error signal.

29. The circuit of claim 28, wherein the error signal
generating means comprises an error amplifier circuit
and the current gain means comprises two cascaded
emitter follower NPN transistors, wherein the emitter
of one of the NPN transistors drives the base of the
other NPN transistor. :

30. The circuit of claim 28 wherein the circuit in-
cludes:

start-up means for drawing current from the drive

terminal to turn on the bias means, wherein the
start-up means is powered by the operating volt-
age.
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31. The circuit of claim 1, wherein the circuit in-
cludes a current limit means for limiting the series-pass
voltage regulator transistor output current delivered to
the load, said current limit means limiting the current
through the drive terminal to a first amount so as to
limit the series-pass voltage regulator transistor output
current to a second amount.

32. A circuit for controlling a discrete series-pass
voltage regulator transistor coupled between an input
voltage source and a load, the circuit comprising:

an integrated circuit including:

(a) a first terminal adapted for (1) receiving an
operating voltage for the integrated circuit, and
(2) providing a drive signal for controlling the
voltage drop across the discrete pass transistor to
cause the transistor to regulate the voltage at the
load to provide a regulated voltage;

(b) a second terminal adapted for monitoring the
voltage at the load;

(c) a ground terminal; and

(d) a control means coupled to said terminals and
operable for generating the drive signal respon-
sive to the monitored voltage to maintain the
load substantially at the regulated voltage when
the drive terminal operating voltage is less than
the voltage at the load, wherein the drive signal
limits at a saturation voltage; and

a resistor coupled between the first terminal and the
discrete pass transistor so that when the current
flow through the discrete pass transistor reaches a
first value, the voltage drop across the resistor is
such that the operating voltage approaches the
saturation voltage to limit the current flow through
the discrete pass transistor.

33. The circuit of claim 32, wherein the resistor has a

resistance greater than about 20 ohms.

34. A series-pass voltage regulator circuit adapted to
be coupled between an input voltage source and a load,
the circuit comprising:

a pass transistor having an emitter coupled to the
input voltage source, a collector coupled to the
load and a base for controlling the voltage drop
across the pass transistor to provide a regulated
voltage at the load, wherein the pass transistor
comprises a PNP transistor;

a control circuit for monitoring the voltage at the
load to generate an error signal indicative of a
difference between the voltage at the load and the
regulated voltage, wherein the control circuit in-
cludes:

a first input adapted for (1) receiving an operating
voltage for the control circuit, and (2) monitor-
ing the voltage at the load, and

a bandgap circuit for providing a substantially tem-
perature-stable reference voltage; and

a driver for providing drive current to the base of the
pass transistor, the driver being responsive to the
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error signal to maintain the load substantially at the
regulated voltage.

35. The circuit of claim 34 wherein the control circuit
comprises:

first and second PNP transistors each having an emit-
ter coupled to the first input and a base respectively
coupled together in a current-mirror configuration
for providing operating current for the control
circuit; .

a first NPN transistor having an emitter coupled to
ground and a collector commonly coupled to the
collector of the first PNP transistor to form an
output that generates the error signal;

a second NPN transistor having a base commonly
coupled to the base of the first NPN transistor and
having an emitter coupled to ground through a first
resistor, said resistor having a voltage drop for
regulating the currents through the first and second
NPN transistors so as to maintain the monitored
voltage substantially at the reference voitage; and

an impedance coupled in series with the collectors of
the second PNP transistor and the second NPN
transistor for substantially establishing the regula-
tion voltage of the control circuit.

36. The circuit of claim 35, wherein the circuit fur-

ther comprises:

a first capacitor coupled between the collector of the
first NPN transistor and the base of the first NPN
transistor, the first capacitor providing a rolloff in
the gain of the circuit; and

a second capacitor coupled between the base of the
first NPN transistor and the first input, the second
capacitor providing a zero which cancels the pole
generated by the first capacitor at a frequency
which allows regulator loop gain to fall well below
unit.

37. The circuit of claim 35 wherein the driver in-
cludes third and fourth NPN transistors each having a
collector coupled to the base of the first PNP transistor
wherein an emitter of the first NPN transistor drives a
base of the second NPN transistor.

38. The circuit of claim 37 wherein the regulated
voltage is approximately 4.9 to 5.1 volts and the pass
transistor is a PNP bipolar transistor.

39. The circuit of claim 37 wherein the regulated
voltage is approximately 2.7 to 3.0 volts and the pass
transistor is a PNP bipolar transistor.

40. The circuit of claim 37 including bias circuit
means for generating substantially constant bias cur-
rents for the circuit.

41. The circuit of claim 40 including a current limit
means for limiting the pass transistor output current
delivered to the load, said current limit means limiting
the drive current to a first amount so as to limit the pass
transistor output current to a second amount.

42. The circuit of claim 41, wherein the current limit
means monitors the drive current so as to limit the cur-

rent when it reaches the first amount.
* * * * *
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